Introduction
============

Meningiomas account for approximately 35% of all intracranial neoplasms, with an annual incidence of approximately 7.22 cases per 100,000 individuals. The peak incidence is between the sixth and seventh decades of life, afflicting females more often than males (2:1) ([@B01]). Approximately 90-95% of meningiomas are benign in nature, 5-7% are atypical, and 2% are malignant ([@B02]). These tumors have a high recurrence rate, reaching up to 50% after incomplete surgical resection ([@B03]).

Several hormones have been implicated as predisposing factors to meningioma development. Meningiomas express androgen receptors ([@B04]), estrogen and progesterone receptors ([@B05]), and nonsteroidal hormone receptors including receptors for growth hormone ([@B06]), somatostatin ([@B07]), and dopamine ([@B08],[@B09]).

Dopamine receptors are prominent in the central nervous system and are divided into five subtypes (D~1~ to D~5~). The D~1~ and D~5~ receptors are members of the D~1~-like family, and the D~2~, D~3~, and D~4~ receptors are members of the D~2~-like family. The definitions of these groups are based on their relationships with transduction mechanisms. Activation of D~1~-like family receptors stimulates the enzyme adenylate cyclase and increases intracellular levels of cAMP (3′,5′-cyclic adenosine monophosphate), while those in the D~2~-like family inhibit this enzyme and decrease intracellular cAMP concentration. The short (D~2S~) and long (D~2L~) isoforms of the dopamine D~2~ receptor also activate pathways involved in the regulation of cell growth, differentiation, and apoptosis ([@B10]). In studies with rat pituitary tumor cells, dopamine agonists have been shown to exhibit an antiproliferative effect, inducing cell death and apoptosis through the activation of D~2~ receptors ([@B11],[@B12]). Other studies have shown antiproliferative effects of the dopamine agonist bromocriptine in cultured meningioma cells ([@B08],[@B13]).

Mutations in the gene encoding the tumor suppressor p53 protein are common in different types of human tumors ([@B14]). The role of p53 gene mutations in the genesis of meningiomas is controversial ([@B15],[@B16]), with a high immunohistochemical expression rate of the mutated protein in atypical and malignant meningiomas but a low rate in benign tumors ([@B17]).

This study aimed to investigate the immunohistochemical expression of p53 protein and dopamine D~2~ receptor in meningiomas and correlate these findings with follow-up, age, gender, histologic tumor grade, and recurrence.

Material and Methods
====================

The study sample included tumor tissue specimens obtained from 157 patients with an anatomopathologic diagnosis of meningioma who underwent surgical resection performed by the same surgeon (NPF) at Hospital São José, Complexo Hospitalar Santa Casa de Porto Alegre, Southern Brazil, between January 2003 and December 2012. Tumors were classified according to the World Health Organization (WHO) criteria for histological subtypes and tumor grading (grades I-III) ([@B18]). Patients\' medical records were reviewed for data collection, and 80 patients were followed-up. The study was approved by the Research Ethics Committee of Hospital Santa Casa de Misericórdia de Porto Alegre, Brazil (Report No. 114/03) and was conducted in accordance with the provisions of the Declaration of Helsinki. Written informed consent was obtained from all patients before inclusion in the study, and patient anonymity was preserved.

Immunohistochemistry
--------------------

For immunohistochemical analysis, tumor tissue samples were fixed in 10% buffered formalin and embedded in paraffin. Blocks were sectioned at 4 µm, deparaffinized, and rehydrated. The streptavidin-biotin method (LSAB kit + peroxidase; Dako^®^, Denmark) was used to detect p53 protein (anti-p53 monoclonal antibody, clone DO-7, 1:100 dilution; Dako^®^, catalog No. M7001) and dopamine D~2~ receptor (anti-DRD2 polyclonal antibody, 1:150 dilution; Chemicon^®^, USA, catalog No. AB5084P). Normal human pituitary and breast tissues were used as positive controls for dopamine D~2~ receptor and p53 protein, respectively ([@B19],[@B20]). As a negative control, the primary antibodies were replaced with saline.

The criterion for positive intracellular dopamine D~2~ receptor and p53 protein expression was the presence of at least one group of cells with clearly marked cytoplasm or nuclei, respectively ([@B05],[@B20]). Specimens were analyzed by two independent observers, using light microscopy.

Statistical analysis
--------------------

Age, according to the symmetry determined by the Kolmogorov-Smirnov test, was reported as means±SD and compared between immunohistochemistry groups (positive or negative) using Student\'s *t*-test. Categorical variables were compared using chi-square tests with Fisher\'s corrections. The Kaplan-Meier method was used to estimate the rate of survival free of recurrence. The level of significance was set at 5%. Data analysis was carried out using the Statistical Package for the Social Sciences (SPSS, version 19.0; IBM Corp., USA).

Results
=======

Of the 157 patients, 120 were female (76.4%), corresponding to a female-to-male ratio of 3:1. The mean patient age was 53.6±14.3 years. According to the WHO grading scheme, 141 (89.8%) meningiomas were classified as grade I, 13 (8.3%) as grade II, and 3 (1.9%) as grade III. The histological subtypes were transitional (n=69, 43.9%), meningothelial (n=27, 17.2%), fibroblastic (n=19, 12.1%), psammomatous (n=14, 8.9%), atypical (n=13, 8.3%), angiomatous (n=6, 3.9%), microcystic (n=3, 1.9%), secretory (n=3, 1.9%), anaplastic (n=2, 1.3%), and rhabdoid (n=1, 0.6%).

Seventy-eight (49.7%) meningiomas stained positive for p53 protein. The p53 protein was positive in 66/141 (46.8%) grade I tumors, 11/13 (84.6%) grade II tumors, and 1/3 (33.3%) grade III tumors, with no statistically significant differences in positivity among tumor grades. However, meningiomas with higher grades of malignancy (grades II and III) displayed a tendency for a higher frequency of nuclear p53 positivity (P=0.06).

Regarding gender, 57 (47.5%) samples from females and 21 (56.8%) from males were positive for p53 protein, with no statistically significant differences between genders (P\>0.05). The mean age was significantly higher in patients with positive p53 immunostaining compared to those with negative p53 immunostaining (55.9 *vs* 51.4 years, P=0.04).

With regard to dopamine D~2~ receptor, 147 (93.6%) meningiomas stained positive. Positivity percentages according to tumor grade were 93.6%, 100%, and 66.6% for grades I, II, and III tumors, respectively, with no statistically significant differences among tumor grades. There were no statistically significant differences in positivity between genders (93.3% of females and 94.6% of males) or mean patient age (53.9 *vs* 49.0 years, P\>0.05).

Seventy-five (47.7%) tumors were positive for both dopamine D~2~ receptor and p53 protein. These tumors had higher histological malignancy compared to meningiomas that were not positive for both markers (n=82, 52.2%), with a statistically significant difference (P=0.021).

Among the 157 patients included in the immunohistochemical analysis, 80 were followed-up during a period of 4±2.9 years (range 0.5-10.5 years). According to Kaplan-Meier analysis, the rate of survival free of recurrence at 3 years was 82.7% ([Figure 1](#f01){ref-type="fig"}). Among these 80 patients, 4 (5%) died due to acute surgical complications, 65 (81.3%) had stable disease without tumor recurrence or regrowth, and 11 (13.8%) showed meningioma recurrence or regrowth (6 and 5 who had previously underwent partial and total resection, respectively). For the patients with recurrence, 8, 1, and 2 had grade I, II, and III, respectively. Of these, 5 are being followed-up, 2 received radiotherapy, 3 underwent a single surgical resection, and 1 had 3 resections.
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Among the 4 patients that underwent reoperation, 2, 1, and 1 were grades I, II, and III, respectively. Following reoperation, 2 maintained the same anatomopathological diagnosis (transitional and anaplastic), 1 meningotelial turned to atypical, and 1 atypical changed to anaplastic. Both cases with a new anatomopathological diagnosis began to express p53 protein even though the samples from the first surgeries were negative. Neither immunohistochemical expression of p53 nor dopamine D2 receptor showed statistically significant differences between patients with recurrence or regrowth and those with stable disease. Comparing disease evolution with age, we observed that those patients with recurrence or regrowth had a significantly lower mean age than those with stable disease (41.36 *vs* 54.03, P=0.02).

Discussion
==========

The present study analyzed a representative series of meningiomas. The findings were consistent with data reported in the literature regarding age of incidence and female predominance ([@B01],[@B21]), as well as greater occurrence of grade I tumors ([@B02],[@B22]). The mean follow-up time in 80 patients was 4 years (range 6 months to 10.5 years). The results are similar to data previously published in the literature describing from 26 ([@B17]) to 120 ([@B23]) patients followed for a period of 8 months ([@B24]) to 21 years ([@B23]).

The p53 protein functions as a tumor suppressor and acts to protect DNA. Following irreversible DNA damage, the p53 protein induces cell apoptosis. The wild-type protein has an inhibitory effect on cell proliferation and transformation, but gene mutations alter its tumor suppressor activity ([@B25]). A high proportion of cells with mutant protein indicate increased tumor aggressiveness ([@B26]).

With regard to p53 expression in meningiomas, Matsuno et al. ([@B27]) studied 51 meningiomas and found that approximately 20% were immunopositive for p53. Cho et al. ([@B17]) assessed 41 meningiomas and reported 43.9% positive immunoreactivity for p53 (9.5% grade I, 72.7% grade II, and 88.9% grade III meningiomas), and this immunoreactivity was stronger in tumors with higher histological malignancy. Lanzafame et al. ([@B28]) immunohistochemically examined 69 meningiomas and found p53 protein expression in 57% of cases, with higher levels in atypical and malignant meningiomas compared to benign tumors. Amatya et al. ([@B29]) analyzed 146 meningiomas and found positive p53 protein expression in 19.8% of cases; of these, few benign meningiomas had p53 protein expression, anaplastic meningiomas expressed p53 protein in most cases, and atypical meningiomas had an intermediate level of p53 labeling, with statistically significant expression differences among them. Karamitopoulou et al. ([@B30]) examined 60 meningiomas and found positive p53 protein expression in 31.6% of cases - 10.8% of grade I, 50% of grade II, and 77% of grade III tumors, with significantly higher p53 expression in atypical and anaplastic meningiomas (P=0.000003). On the other hand, Pavelin et al. ([@B31]) studied 170 meningiomas and found no statistically significant association between p53 levels and tumor grade. In our series, approximately 50% of cases showed positive p53 protein expression, which is consistent with the range from 19.8% to 57% reported in the literature ([@B17],[@B27]-[@B30]). Similar to the findings of Pavelin ([@B31]), we only observed a trend for atypical and anaplastic meningiomas (grades II and III) showing higher p53 expression (P=0.06).

The protective function of the p53 protein declines with age, and this decline might lead to an inability of cells to respond to stressors and a consequent increase in tumor incidence ([@B32]). We found a significantly higher mean age among patients with p53-positive tumor samples. However, we did not observe a significant association between p53 protein expression and gender, which is in agreement with the findings of Amatya et al. ([@B29]).

Dopamine D~2~ receptor activation induces several pathways involved in the regulation of cell metabolism, growth, differentiation, and apoptosis, especially the mitogen-activated protein kinase (MAPK) and/or extracellular signal-regulated kinase (ERK) pathway. This activation has been associated with antiproliferative effects ([@B10]). Dopamine and its agonists bromocriptine (predominant action on D~2~ receptor), apomorphine (D~1~ and D~2~), and SKF-38393 (D~1~ agonist) at micromolar concentrations lead to a significant decrease in the proliferation rate of meningioma cells in culture ([@B08]). Incubation of meningioma cells with bromocriptine induces significant dose-dependent inhibition of cell proliferation ranging from 25% to 56% ([@B13]). More recently, Castelo-Branco et al. ([@B33]) reported the case of a patient with recurrent meningioma who responded well to treatment with cabergoline (a dopamine agonist acting predominantly via D~2~ receptors) with no compressive symptoms or increase in neoplasm size 11 years after treatment, suggesting that meningioma cell proliferation may be under dopaminergic control to some extent.

The evaluation of dopamine D~2~ receptor expression in meningiomas has been shown to be negative by Scatchard analysis ([@B09],[@B34]), detectable in some cases by Northern blot analysis ([@B09]), and positive in 100% of cases using polymerase chain reaction assays, in which the sequences of dopamine D~2~ receptor were identical to those published by GenBank™ ([@B09]). In accordance with a previous study ([@B30]), we employed a qualitative method for immunohistochemical analysis given the syncytial features observed in these neoplasms ([@B35]) and detected 93.6% immunopositivity for dopamine D~2~ receptor. We found no statistically significant association of immunohistochemical dopamine D~2~ receptor expression with gender, patient age, or tumor recurrence or regrowth. To date, there are no reports of data related to the immunohistochemical expression of dopamine D~2~ receptors in meningiomas, precluding a comparison of results.

Follow-up studies in meningiomas describe recurrence in 6% to 39% of patients ([@B23],[@B24]). In our follow-up with a mean time of 4 years, 13.8% of the cases showed tumor recurrence or regrowth, a percentage consistent with the data above. In relation to the rate of survival free of recurrence, Nakasu et al. ([@B23]) described rates of 92.5% and 90.7% at 10 and 20 years, respectively. Kim et al. ([@B24]) reported rates of 67.8% and 28.3% at 5 and 10 years, respectively. In the present study, the rate of survival free of recurrence was 82.7% at 3 years.

Several studies have shown that recurrent tumors present significantly increased p53 expression ([@B17],[@B23],[@B24]). However, when we analyzed tumor recurrence or regrowth in relation to immunohistochemical p53 expression, our results were in accordance with others that reported no significant difference between immunohistochemical expression of p53 and tumor recurrence or regrowth ([@B28],[@B30]).

There is no description in the literature of statistically significant differences between patients of different ages and meningioma tumor recurrence ([@B24],[@B28],[@B36]). However, it is known that meningiomas with more advanced grades (III and II) tend to recur more ([@B17]) and affect younger patients ([@B18]). Our study revealed that the average age of patients with recurrence or regrowth was significantly lower than that of those with stable disease, indicating that age may be inversely related to meningioma prognosis.

Meningiomas are characterized by high recurrence rates, and they tend to evolve into atypical and anaplastic subtypes ([@B37]). In the present study, 2/4 patients who underwent reoperation had a modified anatomopathologic diagnosis: meningothelial to atypical and atypical to anaplastic. Both tumors began to express p53 protein although they were previously negative, confirming the trend found in this study and the findings in the literature that meningiomas with more malignant features have higher p53 expression rates ([@B17],[@B28]-[@B30]).

In conclusion, the present findings support a role of p53 protein in meningioma development and/or progression. Moreover, the presence of dopamine D~2~ receptor in over 90% of the analyzed meningioma samples, including those with higher histological malignancy, warrants further investigation of the therapeutic potential of dopaminergic agents to treat these tumors.
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